Twelve 4-day-old, pathogen-free pigs were inoculated intraperitoneally with virulent L. pomona. Two pigs each were killed 1,2,3,5,7, and 14 days after inoculation and their kidneys examined by light and electron microscopy. Three to 5 days after inoculation there was hyperemia, edema and swelling of tubular epithelium; leptospires were detected intravascularly, in interstitium and embedded within basement membranes. At day 7, leptospires were at basal surfaces of proximal tubules and in phagosornes in tubular epithelium. Perivascular aggregates of monocytes and macrophages were prominent. At day 14, interstitial cells were chiefly p1asmacytes and lymphocytes. Leptospires were only on tubular epithelial cell surface microvilli.
Acute leptospirosis of pigs in North America most often is caused by Leptospira pomona. Infection generally is mild or inapparent and only a small percentage of infected swine develop clinical evidence of disease [8, 21] . Porcine leptospirosis is characterized by fever, anemia, leukopenia and icterus [12, 15, 18, 28] . Onset follows leptospiremia which is accompanied by localization of leptospires in viscera. Transplacental passage of leptospires in pregnant sows during the leptospiremic phase is associated with fetal death and abortion [II] . Circulating antibodies develop with subsequent disappearance of organisms from most tissues.
Despite the presence of antibody, renal plasmacytes and chemotherapy, leptospires have a peculiar tendency to localize and remain viable within renal tubules. Leptospiruria may persist in subclinical, chronic infection and may playa significant role in transmission of the disease to other pigs as well as to cattle [14] , man [27] , and wild rodents [4, 10] . Ultrastructural studies of the kidney in acute leptospirosis largely have been confined to laboratory rodents such as the guinea pig [9] , rat (10] , mouse (20] , and hamster (22, 23] . Studies of renal lesions of sheep with experimental leptospirosis show that leptospires in larger mammals are associated with the microvillous border of proximal convoluted tubules [19] .
The following experiments were designed to examine the fine structure of the kidney in acute leptospirosis of young pigs and to compare renal lesions induced by five isolates of L. pomona. We were interested in the localization site of leptospires, cytopathic changes, and lymphoid cell types which infiltrated renal tissue during recovery.
Materials and Methods
Caesarean-derived, colostrum-deprived Yorkshire pigs were maintained in separate cages in isolation facilities. They were examined daily and rectal temperatures were recorded. They were fed commercial milk replacer and dry feed. At 4 days of age, pigs were inoculated intraperitoneally with Leptospira pomona (table I) . The inoculum was 1.0 ml containing 6 X IOu organisms. In the first experiment, pigs were killed with succinyl choline given intramuscularly at I, 2, 3, 5, 7, and 14 days after inoculation. Two littermates were controls. In the second experiment, pigs were killed 5, 7, 14, and 15 days after inoculation (table II) .
Blood, urine, kidney, and liver were collected aseptically for culture. Kidney, renal lymph node and liver were placed immediately in 10% formalin and processed for paraffin embedment. Sections were stained with hematoxylin and eosin (HE), Warthin-Starry technique and alcian blue-periodic acid-Schiff. Pieces of intermediate renal cortex 2 mm in diameter were fixed in 2.5% glutaraldehyde for 3 hours, rinsed in buffer overnight, stained in osmium tetroxide for I hour, rinsed in buffer for I hour, dehydrated in graded ethanols and propylene oxide and embedded in epon 812. Thin sections were cut with diamond knives on an ultratome, stained with lead hydroxide and examined with an electron microscope at 60 kilovolts. Five tissue blocks were cut from one kidney of each pig and two sections were examined from each block. Normal (control) kidney tissues were compared with morphologic studies established for the pig [6. 17J. Parts of the renal lymph nodes of six pigs were fixed in glutaraldehyde and processed for electron microscopy as above.
Results
Acute leptospirosis characterized by fever, leukopenia, marked anemia and moderate icterus was seen in pigs by the sixth day after inoculation (fig. I). The clinical course did not vary significantly among individuals. Leptospiremia first was detected on day 3 and persisted through day 14. Leptospiruria was not detected until day 7 and there were many leptospires in 14-day samples. The first experiment with virulent L. pomona (table I) 
Glomeruli
Hyperemia and swelling of renal glomeruli were seen first at 5 days after inoculation; these lesions persisted to 14 days in all infected pigs. Glomeruli were not involved extensively at any stage of the disease, however, and leptospires never were seen ultrastructurally, even within capillary lumina. Lesions were slight and consisted of widening of urinary spaces, dilation of capillaries, expansion of the mesangial areas and thickening of the parietal epithelial cell layers. Although some epithelial cell foot processes were blunted and contained dense foci, these lesions were not observed consistently. Glomeruli surrounded by or incorporated into severe interstitial inflammatory lesions were affected by the local process.
Interstitium
Interstitial cells, capillaries and lymphatics of the renal interstitium were the first sites of damage and changed markedly throughout the course of the disease. Early and mitochondrial cristolysis and swelling. Herniation of membrane-bound aggregates of cytoplasmic vesicles was common. Interstitial cells, which are fibroblast-like cells between capillaries and renal tubules, were markedly swollen with dispersion of cytoplasmic ribosomes and distention of the cytocavitary network, especially the cisternae of the nuclear envelope ( fig. 3 ).
During the interstitial phase of renal disease (5-7 days after inoculation), leptospires always were found in capillary lumina and in the extracellular spaces between renal tubules ( fig. 3 ). Leptospires were frequently associated with intravascular erythrocytes ( fig. 5 ) and many contact sites had small fibrillar strands extending from the bacterial cell to the erythrocyte.
The interstitium was largely empty of inflammatory cells and contained only fibrin, cellular debris and granular material at day 5. By day 7, many monocytes and macrophages were present; there were a few lymphoblasts and plasmacytes in all sections. Neutrophils were in the interstitium but were seen more often within tubular lumina. At 14 days after inoculation, cells in the interstitium were predominantly plasmacytes and lymphocytes although macrophages were found in most sections ( fig. 6 ).
Renal tubules
Tubular parts of the nephron were normal during the first two days. Three days after inoculation, the proximal and distal convoluted tubular epithelial cells were moderately swollen. Swelling was manifested by slight cytoplasmic rarefaction, bulging of the cell into the lumina, and increased numbers of clear vacuoles. Mitochondria were swollen and showed cristolysis and dispersion of matrical granules. Loops of Henle and collecting tubules were not affected. Basement membranes of proximal convoluted tubules generally were thick and less electron dense. Those of the renal tubule were most markedly involved and these were irregular and distorted; leptospires frequently were found within the expanded basement membranes of the proximal convoluted tubules ( fig. 7) .
At 5 and 7 days after inoculation, changes described above were present but more severe. Tubule cells in areas of tissue damage were severely swollen and, in some foci, had obliterated the tubular lumen. Severely affected tubule cells had pyknotic nuclei, many autophagic vacuoles and stunted surface microvilli. Leptospires were seen only in basement membranes, between the lateral processes of adjacent tubule cells and within tubule cell phagosomes. Phagosomes contained fragments of leptospires and dense tubules but leptospires appeared not to have been digested ( fig. 8 ).
Seven days after inoculation, larger parts of the parenchyma were affected, but cellular changes were not markedly different from day 5. There were foci of necrosis involving proximal convoluted tubules in which nuclei and cytoplasmic debris occupied luminal spaces. Brown-red blood pigments were seen in tubular lumina of all pigs examined at day 7. Leptospires were more prominent, lying within and between proximal and distal convoluted tubules. Collecting ducts and loops of Henle were swollen but not affected by advanced cytopathologic changes.
Tubular epithelium of samples taken 14 days after inoculation had all changes described previously. New changes were tangled masses of leptospires within the lumina of the proximal and distal convoluted tubules ( fig. 9 ). Cells associated with these surface bacteria had distended cytocavitary networks, prominent large clear vacuoles, increased number and density of apical canaliculi, and irregular blunted microvilli which alternated with foci of cellular herniation at the surface. Many tubules contained evidence of migration of small lymphocytes resembling activated T lymphocytes between epithelial cells. Leptospires were in lateral and basal parts of the proximal tubules and were associated with marked distortion of the basal infoldings.
The focal nature of the disease process, not heretofore obvious, was distinct at 14 days. There were many foci of large lymphoid aggregates, chiefly plasmacytes, that did not contain leptospires. Other areas between the lymphoid foci had severe degenerative changes, with leptospires between cells and entwined in surface micro- villi. Aggregates of plasmacytes were especially common surrounding interlobular arteries. Foci of interstitial fibrosis were characterized by hyperplastic interstitial fibroblasts and extracellular collagen fibrils.
Vascular tissue
The renal arterial system was not visibly altered in the early phases of the disease. In samples collected at 5, 7 and 14 days after inoculation, the following lesions were consistently present and were progressively more severe in degree and extent with increasing time. Subendothelial cells (between endothelium and myocytes) were swollen and contained autophagic vacuoles and dilated cytocavitary networks. Many of these cells had parts of the cytoplasm herniated through the basement membrane and some cells were necrotic. Perivascular mesenchymal cells were affected similarly. Arteriolar myocytes did not have marked cytopathic changes, although rarely they were swollen and intercellular spaces contained degranulate neutrophils. 
Renal lymph node
Renal lymph nodes were normal in control pigs and in infected pigs killed during the first 3 days. From 5 to 14 days after inoculation, lymph nodes were edematous. They had become progressively infiltrated with monocytes and macrophages, especially in the subcortical sinuses. Erythrocytes were found free in the sinuses at days 5 and 7. No leptospires were detected by special stains but they were cultured from tissue homogenates of renal lymph nodes at day 7.
Discussion
Porcine leptospirosis was clearly a disease of the renal interstitium. The earliest lesions were intact leptospires in capillaries, lymphatics, extracellular spaces and within mesenchymal interstitial cells. The mechanisms of cytotoxicity for vascular tissue is not known although cytopathic toxins have been isolated from leptospira [29, 30] . The only cell type that contained intact leptospires (which were interpreted as being viable) was the renal interstitial cell, a modified fibroblast which contains actin and probably is contractile [24] . The reactivity of this cell appears to be responsible for the interstitial fibrosis that occurs in the later stages of the disease.
Results of this study indicate that leptospires enter the kidney hematogenously, migrate through vascular endothelium, persist in the interstitial spaces, and emigrate via the lateral intercellular junctions to reach the tubular lumina. Absence of intact leptospires within tubular epithelial cells agrees with other ultrastructural studies [9, 10, 19, 20, 22, 23] . Kinetically, the disease may be divided artificially into an "interstitial phase" characterized by edema, vasculitis and leptospiremia, followed by a "tubular phase" during which leptospires are predominantly associated with microvilli of the proximal convoluted tubular lumina.
Renal tubular epithelial degeneration appears to be caused by toxins excreted during migration of leptospires through the tubular wall. It is probably enhanced by the interstitial inflammatory reaction and by intracellular hemoglobin and other factors reabsorbed by proximal tubules from glomerular filtrate. Reabsorption of hemoglobin may be required for the nutrition ofleptospires during the tubular phase of the disease.
Anemia is a significant finding in porcine leptospirosis but its cause has not been established. A hemolytic factor is produced in cultures of L. pomona that causes lysis of erythrocytes of several species in vitro and produces lysis when applied to blood agar plates [I, 26] . We saw evidence of attachment of leptospires to circulating erythrocytes. There were delicate strands between closely apposed bacteria and cells. A direct lytic contact may cause red cell destruction. Conversely, if intravascular hemolysis caused activation of the coagulation system, there may have been a fibrinmediated association of leptospires and erythrocytes. Although there is evidence for cell-mediated post-leptospiral ophthalmitis [5] , the acute phase development of anemia is not consistent with an immunologic mechanism. A cold-hemagglutinin that occurs transiently (during the hemolytic crisis) in the plasma of sheep infected with L. pomona is proposed as a possible mediator of immune hemolytic anemia [13] .
Leptospires are not believed to reside within renal tubular epithelium [20, 23] . Our findings support that belief and indicate that the multiple spherical silver-stained bodies common in infected kidneys represent lysosomes or phagosomes containing remnants of leptospires. The filamentous structure present in phagosomes, similar to tubular structures seen after negative staining [2, 7, 16, 25] , are probably parts of the outermost layer of the cell envelope of broken or damaged leptospires [7] , although they may represent aggregates of axial filaments [25] .
In the elimination of leptospires by humoral mechanisms, it has been reported that antibody removes the outer sheath and allows lysozyme to act upon the protoplasmic cylinder [31. Despite the large aggregates of plasmacytes, we saw no evidence of a lytic phenomenon or the attachment of lymphocytes or plasmacytes to immobilized leptospires.
